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^  the  past  fcy&ifcy  y<?hr.r:and  t»is  ymh.Uk  ijttU  defies'  ^gftl&s&ctofr  solution 
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•1^  *v.l^JI^b^.^s4**  w  U  *«  i-ick  Of  ifloquoU.  unacmama. 

il*  f ^'"ff- -?■  ??■"  r-TOi'oi-'-ios  o  •.T  {,  In  iho  absence  Of  ft,,,  the  tire  models  have 
booa  «*  wafulMwtU,  "I  ft  ft  aiusVmjtod ft,  i>o5io«  of  too  tiro  sldob 


rw  °"  to'  rofoos  sod'^is" 

out-  Oft  sj-nfcie  or  itul4  .pie-  wnvfcl  asset;!  t 
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I-oVr-eyr-IJ  »jti,  yjlhrcfian  in  a  Hr* ;■*»*• 
ground  excitation:  I'or'u.  a «,  '.*f.o  pyoi 
on  redu<  thy  the  -w'olrhf  ft  f  '  •»  Void ' 
or  this  dhph.'to'l $  cqa.  £*»>p  s'  t 
aorious  ness  ( cost,.  su  c*(  .,  -  c, ; 
or  landing  year  LaStal;  il'-u  is  up  : 
sorvoc  *«e  a  pulPe  to  •»  i.g*  fs», 

is  a  ■iiicvod  in  shic&y  only  s;  o,-  jr,t< 
well  as  lack  o.  near. '  r.y  'til  ht‘  >< 
d  i  oco vpped-  (3  ,  2),.«  *  aj:«. • 


J™?  *  **tfW8r)  *s  initialed  and  sustained  by  the 
a<i:"  *s  farenor  eoftpl boated  by  increased  yjsph'ujis 
'v  *eav  syttrr.  In  rod  of  n  aircraft  and  the  enacts 
‘t'jf'buhe  its  frequent  occurrence  and  tne 
vac  p roller’ ,  analyses  for  the  prediction  of  snitrty 
;-fHirfari'  pur'  of  1  mdlnt:  p«af  design.,  It  also 
proyrsrn..  However,  often  only  limited  sue  teas 
tl  '  (‘'  ••use  r> f  ovor-s!  rpjy  ;< cation  of  napy  variables 
or.  Mfer.  It  least  two  fonts  of  shindy  have  laen 


o  tiro  yaw- sb ijsify 


o  si  met  oral  Wa  tonal  ahlso^ 


22  ZZTnZf  h°’":  :?fS  '1'p,‘:i':'S  6;l  ihC!  of  overall  a.-.stcfcs  dampin,.  for 

*»<■>' ufM^  r iKtJ-oo^  tor-3, onal  notion  of  the  toad iny  rear 

rt..,ra,l-nnd  .’:,  Ihv*  nr  n;  t;H-  ti®,..  iyaa  to^ho  rtoda  rtass  is  ensetr  full" 

pi  v.otir.r  about  t.ie  swivel  uxir-j  «*»1  J‘:e  e'i  v.»  'nr'  -  »  „  •«.  1  *  .  *  •  ,  J 

spfiuv  rat-  «,ra,r.rf  *  ,.  u  /  4  '  O’  n  "  *-a  f'h*  v.re  ay narrle -torsional 

of  aetoon  ^  r0,*cl  r‘^sVi«‘*c  **  J oolpri.it  lateral  load  line 

V  ‘  '  ,-tv»..-.i  r.i  j  t  ‘ye  ot  “h my/  i.p  .rof-rred  i.o  aft  113  E  'fAW  I’liXMCf , 


With  hi  *h  dncinln,*,.  tyre;  /aw  ni  i  i  •“■r"  ■  <  •:  it  v,,  >  ,  - .  ,  _  ,  , 

can  boro*’-  un#-ful'n-  .*«  „  .'*’  *”  “h*  ft-ive.-ural  modes  of  nb  >  «oar 

0,f.  "  tj  ,.  o-Turriny  cote  has  ('Sr-en<-  aiv  the  cura  ...odnl 

lia!>S  as  tne  urst  vmn;  V"r,  tne  srrrhy  r»V>  ic  thb  HirEjotjntospr.ny  rate  of  t.,e 


'‘-Mucbers  in  psrent«pe.,s  vc-P-r  to  re  for  ear  os  in  the  attached  inference  Usf. 
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v_^  landing  gear  with,  the  damper  ('if:  any;  locked.  This-  £ype  of  shimmy  is  often  referred 
to  as  structural -torsion  shi mmy.  Both  typ.es  of  shimmy  are  affected  signi ficaat'ly  by 
'the  tire'  parameters’,  •  •  -  - 

If  a-, precise  matHernablcai  description,  oi'  Jth’e  shimmy.  phenomenon  were  atteir.pt ed',  it- 
would  involve  s.o- marly  variables  that  solution  of  the  problems  and  interpretation  of 
the' rentdhs.  would,  bococse  impractical  if  not  .i|r, possible.  However,  she  di-f.Me.ul  ties 
in  the  sol  utiori  at  e  due merely  to -the  -number  of  factors,  and,  if  i-t  can  be  establish  ai, 
that  some  of  these  are  trore  significant  than  others,  the  problem  can  be  simplified. 

In  recent  years  efforts  have  been  made;  to- acepiiplish  tlUs,  The  valid  .simplification 
iu  modeling  the  landing- gear  components  can  be  made  if  concerted  effort  is  made  to 
obtain.;r.eahihgfAd  data  on  seve'rai  tiejiiXilcant  . parameters. , 

"A  Any  theory  which  provides  n  mathematical  description  of  slfitmmy  'Option  his  to  date 
almoot.  always  >bfich  restricted  to  linear  cases e.g,  sen  appendix  tli.  Nonlinear 
elements,  such-  m  tire  -naraetcri rfci'bSj,  friction,  and.  rlcsrancca.,  however,  are 
essential  H  dctbminlnr  shimmy  behavior  oi.  landing  gears <  i>  is  the  introduction, 
of  these  nonlineariti  rs,  however,  which-,  increases  the  complexity  oi  the  .problem 
considerably, 

To  rrepfesehi;  ecrb'ftu  sub  %Vr..'pononbs  by' more  .realistic  functions  core  accurate  l.r'fpnr.a- 
tioR  about  these  components  is  absolutely  neeeosary The  accuracy  of  "h  >  prediction 
of  shimmy  by  -anal* t leal  'means  will  increase  with  rsorc  accurate  eorrespondencu  between 
the  mptheratlohl  Tosiel  and  the  real  meehnnlcoi  r,y  stum.  *  certain  decree  oi  approxi¬ 
mation  is  necessary  but  tnc  .essential  features  of  a  real  system  have  to  be  present 

N  y  in  the  model, 

In  the  survey  that  follows,  I  he  various  parameters  that  influence1  the  rhimry 
phe-iorr  a  non  are  "dhsid'n  ea  in  Kynt  o.1*  the  above  statements  and  special  orpins  is  is 
placed  on,  the  dyhaf  j  e  proper?  lea  of  tires. 
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Anaiysis  of  shS’rrary,  must  consider  the  following:, 
o  .i'ne  nature  of  a ir  frame  flexft 1,5, Tty 

o  the  nature  of  fens  ntf ■vhraut  of  the  gear  to  the  airframe 
o  flexiDiiltUis  oi  the  attachment  anu  gear 'structure- 

o  the  interact  ion  or  coup! !  iv,  )  elveau  t;K  airframe  and  the  gear  structure 
o  the  nhture  of  exri'inilon  Ptr»*os  uni  moments 
o  the  presehce  of  :Ve*hd ay  at  ill  support  per.rf'c  -and  joints 
o  the  interact  ion  between  t.av  structure  «u$d  ,nv  damping  device 

l.’Llh  tnoso  guide  linos,  the  slat  s  of  presently  used'  shimmy  analysis  rsofhorfs  /’sUimuy 
theor-i es)  site  reviewed  'a  the  follow frig  sect; loom.. 

Airframe,  .fons-iderat ions 

ft  nas  been  generally  recount  red.  that  in  ore^r  to  understand  the  t  r.,e  nature  of  the 
"  <*  5  '  ....  -  >  "  ‘  *  ’  *  *  *  ‘  4  '  *  *  '  * 


5vd.es.  and-  obtain,  the  single  iu.<n-*r  order  uj  iff  vnhiat  eauhtUia.  from  vr,i  4.  the 
ithblitty  criterion  and  fr-equhneicn  tsvy  to  obtained.  Other  investigator  a  also 


entertained  this  Idea.  Kor  example,  Paeejka  (5)  considers  the  inertia  and  elasticity 
of  the  frame  ih  his  analysis.  Reference  3  contains  several  simpler  models  to  enable 
consideration  of  inertia  and  flexibility, 

1  V 

Dhd  general  equation  can  be  expressed  in  the  following  form: 


•{xj+[C]{X}ffKj[X)-(F) 


where  |  p J  is  largely  determined  by  the  excitations  transmitted,  by  the  gear  structure. 

The  simpler  versions  consider bhe  airframe  merely  as  a  rigid  mass.  A  slight  modifica¬ 
tion  of  this  is  a  version  which  considers  the  airframe  in  terms  of  an  equivalent 
imped  parameter  system  as  shown  in  the  figure  below.  The  joint  p  represents  the 
attachment  point  of  the  equivalent  elastic  element  and  'the  61 00.  K,  represents  the 
combi nod  elasticity  of  the  oleo  and  the  torsional  elasticity  of  the  fuselage.  Mg  and 
Kj  are  lumped  airframe  masses.  'Sic  equation  of  motion  car.  be  expressed  as  sollovs: 

lions Idering  the  forces  on  M,  .  ,  - '  ■ 


nK-K(x-K)- K,-(x-x<) 


nnd  for  K, 


lx, 


Hi mil  hr  three  anu  four  degree  of  freedom  models  are  discussed  by  Moreland  {3).  In 
general,  this  aspect  is  treated  quite  well  by  the  airframe  structural  dynam.1 cists. 

Attachment  Ions  id orations 

The  hinges  and  uni vcraal  joints  are  generally  represented  as  developing  no  rotational 
stiffness  in  desired  dire**- ions  for  bourns  entering  these  Joints.  Ihc  attachment  frame 
is  generally  simplified  by  replacing  complex  shape  members  with  Slat  plates  or 
circular  pipes,  'he  inner  cylinder  Is  generally  idealised  as  -a  -beam,  with  the  bearing 
plate  connection  consisting  of  a  number  of  stringer  elements  ( axial  load  onlyl  per 
bearing  plain.  This  pro.  Ides  the*  required  bearing  area,  as  well  as  preventing  swivel 
moment  inns  for  from  the  inner  t..  the  outer  cylinder  through  anything  other  than  the 
torque  links.  The  land  in  c  gear  structure  is  sometimes  extended  to  in*  lude  the  landing 
gear  support  beam  wn-ieft  in  sometimes  pinned  at  both  ends.  Other  support  points  may 
include  the  rear  spar  cm:  of  the  irunion  (free  to  rotite  about  the  tranion  centerline), 
the  side  strut  apex  (free  to  rotate  in  the  plane  of  the  side  strut),  and  the  actuator 
support  (completely  fixed'-.  ”r plifi  cations  are  also  essential  due  to,  the  presence  of  a 
steering  system,  (on  nose  an  Veil  ns  steered  main  gears).  The  steering  cylinders 
are  generally  idealised  ac  stringers. 

Boeing  has  used,  with  conside ratio  hue*  ess,  the  concept  of  influence  coeificient  In 
evaluating  structural  Influea-os,  The  hoeing  tests  consisted  of  mounting  the  gear 
and  support  bean  in  a  Jig,  applying  loads  and  measuring  deflections.  The  data  was 

Moi’ed  and  ••educeo  to  Influence  •oo**:\,eiootS.  fufficieht  loading  conditions  were 
nested  to'  provide  dntn  erosr<-he<  ks,  and  those  indicate  that  the  data  is  quite  accurate. 

The  data  obtained  from  plastic  monels  provider  tie  best  comparison  to  the  data 

"t  ’  •>*(,  ,OATV 
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obtained  for  this  test. 

In  addition  to  its-  use  iri  the  shindy  analysis,  these  data  can -also  provide  a  basis 
for  developing  a  mathematical  model  to  detcnrdne  the  influence  coefficients  of 
other  landing  gears.  Moreland  was  the  first  to  suggest  the  use  of  the  transfer  ( 
function  approach  to  evaluation  of  the  structural  influences,  although  he  never 
included  it  in  any  of  his  analyses.  This  approach  still  merits  consideration* 

Presence  of  Freeplay 


Due  to  the  presence  of  a  large  number  of  moving  and  restrained  support  points  and  ja- 
rather  severe  impact  and  vibration  environment,  the  development  of  freeplay  at 
some  support  points,  such  as  the  trunnion*,  is  inevitable.,  ■ 

-  ~l  * 

Ibis  unavoidable  freeplay  has  o  significant  effect  upon  the  magnitude- of  the  pertur¬ 
bations  which  an  otherwise  stable  landing  gear  can  tolerate,.  Lauding  Gear  shimmy- 
simulation  with  a  prescribed  freeplay  poses  a  forbid able  p  rofcl  cm ,  Kefereuce  L  . 
attempts  a  reasonable  approximation.  In  this  analysis.,.  mechanism  jotobs  with, 
specified  freeplay  in  the  side,,  fore  arid  aft,  rnd  rotational  directions  were  _  ' 
considered;.  •  - 

Trail  Stabilising  or  lies  babili  ting 


Several  investigators  have  considered  the  contribution  of  mechanical  trail  to 
landing  gear  shinany.  The  derlvnfcS  ;e  of  the  critical  damping  ratio  with  respect 
to  the  trail  generally  can  be  opener  positive  or  negative*  it  thus  follows,  that 
increasing  the  brill  from  zero  may  require  either  more  or  less  damping  which  will  depend 
upon  Die  relative  magnitudes-  of. Vue  ihfludving  variables.  rof  example,  Mo  r.eiaud 
showed : 

~Z>*  ..  Cc  V 


11  8  kf 


F.  --  Intlo  of 


d ampin"  ratio- 


h  -  frail  of  wheel  axis  boh, ad1  axis  of  rotation  of  swivel 


C  ~  Heference  damping  Coefficient 
c 


i\  Torsional  damping  coefficient 


I  -  Diametrical  semen >  of  inertia  oC  wheel 


kj-  lumped  airframe  ftreS  gesa'  elnat-ielti.es 
Ij,-.  ‘-orsioa.il  spring  epnetaht  of  the  goer., 
V  -  forward  vclor i \v  of  airplane,.  T- 


Morcinnd  {jO  in  his  stances  shoved  pick's  od  H  no  a.  function- of  trail  ratio 


J  MM* 


(  f  ~  L^r  At  .)»  !Ie  Pbserveq  that  lor  values  -of  inertia-  ratios  less  than  unity,- - 
stability  is  possible  for  ail  values,  of  trail  ’ the  required  damping  usually 
increasing -with  trail  to  a  maximum  arid  thereafter  approaching  zero  asymptotically.. 
For  values  pj  inertia  ratio  slightly  above  unity  the  range  of  damping  for  stability 
i-3  limited.. 


SHIMMY  DAMPER 

I  L  , —  ■  V  ' 

*  *-  t 

A .'.shimmy  damper  is  often  an  agency  requirement  for  averting  the  occurrence  of 
shimmy.  Damping  as  such,  however,  is  not.  a -certain  means  for  avoiding  instability. 
The  system  stability  or  limit  cycle  can  be  Assured,  hovt.v.er,  by  use  of  an  appropriate 
type  and, amount  oi  damping.  Analysis  of  the  737  main  landing  gear  showed  that "both 
excess'  and  'deficit  damping  vcild  result  in.  ah  unstable  gear,  The  choice  of  a  V2 
damper  is  not  recommended  for  all  configurations. 

Analyzing  the  stability  o:  a  Lyrical  landing  gear  system  having  a  damper  in  series 
with  the  torsional  elasticity  of  the  strut  shows  that  both  types  of  shinny  can 
occur .  For  low  damping,  tiro  yaw  shimmy  can  occur  with  the  dynamic  torsional 
and.  lateral  spring  characteristics  of  the-  tiro  or  tire  cluster  as  the  effective 
elasticity. 

For  high  clamping,  the  structural  codes  of  the  gear  can  become  unstable.  Usually 
the  torsional  spring  rate  0f  the  gear  structure  is  the  governing  factor.  Although 
a  designer  seeks  cl  ear -cut  answers  to  the  question  of  gear  stability,  these  are 


used  to  establish  the  anal;  tic-.l  model. 


In  addition  the  Hurwli?  criterion  -;t,  >,  11)  is  used  to  calculate,  the  stability  Units, 
ihis  criterion  is  relatively  easy  to  handle  matneroatically,  Jt  pi-o vi d es  an  accurate 
stability  limit  but  do-^s  not  provide  any  means  of  quant  it  a  Li .  e  stability  assessment. 
Other  rore  powerful  methods  of  predicting  stability  have  not  foun&  .favor  with  shimmy 
researchers.  This  Is  understands!  1 o  because  historically  landing  gear  has  been 
treated,  as  a  structure  ra trier  than  a  system. 


tire 

'he  Importance  of  the  tire  to  the  system  and  the  shi-vty  phenomenon  is  not  equally 
appreciated':  by '  various  Investigators.  In  recent  y  ears,,  however,  the  .importance  of 
tne  tire  In  t-.Lc  self-e-tcite  5on  phenomenon  lias  wore  arid  more  recognized  (1,  ('). 

ihe  dfffteulty  in ^nco'cpor-t'.af  an  appropriate  tire  code!  in  the  chicory  analysis’ lies 
in  the  Kck  pi'  knovledrc  rib-cut  the  dynamic  behavfot  rf  spouse  of  a  rolling  tire  to  an 
ocelli  at'vry  'side'  and  angular  mot  ion.  In  most  theor’es  the  tiro  is  represented  ns  a 
linear  a  torsion-0!  •  nod,  or  lateral  spring -damper  n.,  rter  for  which  static  or  low 
speed*  roiii.'w,  ti  ro  detu  are  used,.: 

T-ble  t  Id  o  s*  smith  ry  of  the  t  ire  models  used  In  various  shimmy  Lnos-iei.  Tft 
tat-le  indicates  that  t*e  analvtleal  codeia  of  the  tire  used  for  zlA.a anal yr.f  are 
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largeiy  fbased  on  parameters  which  can  be  measured  easily  on  a  stationary  (non-rolling) 
tire.  Some  low  speed  roiling  data  are  also  added,  These  parameters  and  the  associated 
mathematical  relationships  are,  however,  undoubtedly  oivy  gross  approximations  of  the 
fundamental  mechanics  for  rolling  pneumatic  tires. 

i 

The  table  shows  that  the  improvements  made  to  the  tire  equations  in  course  of  time 
abe  sporb  conjecture  than  real  representation  of  the  tire  dynamics.  In  some  cases 
terms  are  added  merely  to  self  cancel  or  influences  are  added  twice  inadvertenfly.- 
Several  of  the  tire  parameters  used  are  not  independent  of  each  other  and  depend  on 
a  variety  of  external  conditions  such  as  vertical  load  and  rolling  velocity  (7,  8), 

Even  so-called  "dynamic’’  tire  parameters  obtained  from  vibration  tests  on  stationary 
tires  are  considerably  different  from  those  obtained  for  the  rolling  tire  (9,  10). 

It  is,  therefore*  obvious  that  the  approach  thus  far  for  the  representation  of  the 
tire  has  resulted  in  Inadequate  representation  of  the  exciting  forces  which  arise 
from  the  ti re  contact  area. 

Considering  these  linear  spring  damper  models  for  tire  representation,  the  following 
paragraphs  outline  the  significance  of  certain  tire  parameters  upon  gear  stability 
It  can  be  readily  comprehend <k\,  however,  tb  t  these  conclusions  are  only  valid  fob 
the  trod  el  used,  if  any  one  of  the  parameters  is  not  constant  but  depends  on  other 
variables,  this  iVy  would  have  to  be  taken  into  consideration  and  modified  stability 
criteria  will  or 


Lateral,  and;  v 


.  ;if  ides s  of  the  Ti  re 


lateral  had  ,'Sv  chhrnetei  i sties  significantly  affect  shimmy  frequency  and  stability 
of  the  gt.hr  for  tiye  yaw  shimmy.  Generally,  increased  lateral  hire  stiffness  makes 
the  ye  i:  h  ire  stable-  '"or  this  type  of  shimmy.  Analysis  indicates  taut  increasing 
lateral  s.itTnoss  ip  equivalent  to  increasing  the  dimensionless  damping  of  the 
system  and  reducing  its  froqnen»*;  .  in  the  case  of  structural,  torsion  shimmy,  the 
frequency  is  not  eigni  f  lean  fly  affected  by  tire  parameters.  The  stability  boundaries, 
however,  arc  greatly  influenced  by  the  tire  stiffness. 

Time.  Constant  ,of,lnire 

The  time  constant  of  the.  tire  also  has  a  major  influence  on  the  tire  yaw  shitrjny.  mode. 
Increasing  its  value  usually  has  a  utebili-ing  effect.  hut 


it 


is  the  combination  of 

lateral  stiffness  end  tire  constant  of  tiic  tiro  which  really  defines  the  --lability. 
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Pnemhatfc  Trail 

*i7iG  pneumatic  trail  of  a  tire-  is  another1  factor  influencing  stability  as  well  as 
frequency,.  No  generalised  statement  cun  be,  made  about  the  influence  of  this 
parameter  on,  shimmy.  Only  the  combination  of  other  tire  characteristics  and 
pneumatic  trail  will  define  the  -stability  criteria  and  shimmy  frequency;  Changes 
in  the  pneumatic  trail  characteristics  of  the  tire-  can  change  the  stability  in  any 
direction  depending  upon  other  parameters. 

To  our  knowledge,  no  attempt  has  beehxroade  to  correlate  this  analytical,  model  with 
actual  tire  behavior  at  Vgh  rolling  speeds,  controlling  arid  reasuring  all  significant 
variables.  The  correlation  of  shimmy  tears  with  analytical  results  using  this  tire 
model  can  hot  give  any  valid  conclusions  because  too  many  other  parameters,  which 
also  have  been  highly  linearized  or  whose  values  are  uncertain)  are  masking  the 
results. 

racts  like  these  offer  further  proof  Th.nt  the  tire  ard  Its  characteristics  have  a  sig¬ 
nificant  effect  on  stability  as  well  as* .hinny  frequency  for  both  typos  of  shinary  (1)., 
Only  an  accurate  represent*;' ion  of  the  tire  will  allow  a  reliable  prediction  of 
shilrory  stability  of  a- Ifandlug  gear  system-. 

•t 

To  improve  the  accuracy  of  the  analytical1  tire  representation-  used  in  shimmy 
analysis,  two  approaches  seem  to  be  iensible: 

a.  Full  scale  well -controlled  tire  experiments  and  the  derivation  of 
"transfer  functions"  for  tire  motion  and  forces.  Phis  approach  treats 
the  tire  nil  a  "black  box;’’ 

b.  Development  of  a  tire  inode!  based  on  a  thorough  analysis  of  the  tire 
treating  it  as  a  three -dimensional  structure  of  some  kind,  -’he  finite 
length  and  width  of  the  contact  area  as  well  as  the  stiffness  of  the 
various  tire  components  would-  have  to  be  taken  into  consideration.  • 

The  first  approach  will  provide  a 'tire  model  immediately  applicable  to  landing  .gear 
shimmy  analysis  if  te.ts  are  conducted  properly.  A  series  of  tests  will,  be  required 
for;  each  tiro  size. 


The  second  approach  could  be  based  on  the  data  available  from  the  first  one. 
having  established  a  valid  tire  model,  testing  can  be  considerably  reduced  and 
might  be  restricted  to  measuring  significant  tire  parameters  on  a  stationary 
tire. 
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landing  Gear  shimmy  is  n  complex  nonlinear  seif -excitation  phenomenon,  iron,  the 
discussion  above  the  following  can  be  concluded,; 

1.  The  various  interfaces  of  the  landing  year  arc  reasonably  well  understood 
except  for  the  dynamic  properties  oj  i.res. 


1) 


ft- 


'•,<  0 

*r 


'  4> 
0 

O  ,c 

o 

o 


V/ 


[0 


,«0»4 

o  '> 

^  ,,  * 

fV 


O 


v? 


v 


1  > 


-8- 


f,  C; 


c> 


’  <v 

c  <v.  0<f 


7  T 


U  H  \S' 

"■Vi*) 


2.  The  results  of  simplified  analysis  are  only  valid  ior  the  model  considered. 
The  credibility  of  such  analysis  can  only  be  improved  by  developing  models 
that  more  closely  describe  real,  system  behavior. 
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With  these'  Taels  in  mind,  the  following  steps  should  be  undertaken  to  improve  the 
credibility  of  shinary  analysis  results.: 

✓"N  ’  ' 

1.  A  transfer  function  ;ipproaeh  should  be  adopted  to  better  account  for 
structural  as  well  as  tire  influences. 

1  // 

2,  A  major,  industry-wide  progr  ( should  be  undertaken  to  determine  the 


Ci) 


dynamic  behavior  of  tiros, 
attached  appendix  ,1. 


,tich  a  test,  program  is  outlined  in  the 
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In -analyzing  franding  Clear dynafsix;  pipbieuis  such  as.  SUmmy.  or  Giib^d.  Handling,  the 
forces  as.  wills  moments  originating.  in  the  tire  footprint,  are  transferred  to.  the 
gear -truck'  -pivot .  Unless  this  t-rqifli'er  of  ground  influences  is  accounted;  for  properly, 
the  landing  gear  response  camiot  re  predicted  accurately.,  present  day  data  enables 
the  tiro  to  be  represented  aS  a  iihearired  spring rdarcpef  .model  There  i  s  no  data 

available  to  establish  the  coupling  serins.  which  aceo.iini  for  force  or  response 
interaction. 

In  pider  to  establish  interaction  :or  coupling,  influence  of  changes  tafflng  place  in 
the  tread ,  ”.t  would  be  deal rnl  le  to  develop;  a  transfer  function  approach  to  this 
probin'.  'In  other  words,  by  varying  parameters  in  t^ie  tire  "footpri.^/  f  C }  (ice  figure  .1) 
it  must  be  possible  to  assess  whatever  Influences  are  transmitted  «o-B  in  terms  of 
tri axial  forces,  moments,  and  motion.  On  the  other  hand,  variations  o.f  inputs  at  the- 
axle  center  B  will  cause  responses  at  the  footprint  inis  approach  of  developing 

transfer  functions  of  the  tire  during  the  entire  domain  of  operations  would  provide 
a  satisfactory  basis  for  future  analysis.  This  concept  has  never  been  utilized  for 
tire  dynamics  although  in  control  dynamics  it  is  used  routinely. 


bVh'AKr.’  tire  tbits  -  mix oach 

v 

To  estaliich  n  suitable  two-way  transfer  function,  all  the  tire  Variables  must  be 
measured  in  the  footprint  { U '  as  well  as  at  tne  axle  support  (,B).  The  variables 
measured  at  the  axle  support  in  of  figure  3  would,  include  three  force  components, 
thr^e  nor.  en'-g  around  the  three  axes  us  well  as  the  axle  displacements  in  six  degrees 
of  freedom.  Tne  instrumentation  at  the  axle  support  will  minimire  i  no1  Mai-  i'nfluonos. 
Tt  in  recognized  that  measurements  in  the  footprint  are  more  difficult  but  some 
assessment  Js  necessary  to  establish  tire  dynamic  response.  The  footprint  deformations 
can  be  measured  by  ur.in*-  irrbuddori  transducers  and  high  speed  photography.  It  is  much 
easier  t.o  apply  known  inputs  to  the  footprint  and  assess  the  results  at  (3)  i.o.  the 
axle  center,  The  tire  responses  are  highly  speed  dependent  and  thus  ell  tests  should 
be  run  for  a  range  of  -preselected,  forward  velocities. 

In  order  to  assess  the  coupling  efiects  properly,  the  variables  should  ‘no  varied  only 
one  at  o  time  ana  In  n  fir*'  dependent  runner.  For  example,  the  varying  parameter 
could  be  varied  as  a  sinusoidal,  step  or  n  imp  signal .  At  the  outset  only  one  tire 
s ixe  need  be  cotinidered .  he  ■. nrlubles  such  ns  tread  design,  trend  stork,,  surface 
finish  and  ’.fro  interactions  should  await  later  study i  '.he  tost  outline  tnat  follows 
discusaes  mainly  three  major  tire  dynamic  responses,  firstly  independent  of  each 
other.  Those  afe: 

1.  Vertical  load  tranari, sr.lon 

P.  ,Jrak  l  response 

"ornerfng 


Once  individual  responses  are  established,  it  will  be  desirable  to  investigate  the 
various  coupling  effects.  This  last '.aspect  is  yer y  importart  in  order  to  establish 
the  validity  of  superposition  or  lack  thereof.  All  these  three  dynamic  tests  should 
be  conducted  on  both  dynamometers  and  the  KA3A-, loads  track. 

proposed .Tgg  ou5i.i??e  for  dynamic  tire  tests 

1,  Vertical  Load  Transmission 

The  dynamic  response  of  an  aircraft  tire  to  changing  vertical  loads  is  considered 
to  be  the  easiest  dynamic  property  to  investigate.  Vertical  load  changes  and 
deflection  variations  should  be  considered  separately  as  inputs. 

Vertical  spring  rate,  wheel  speed  (rolling  radius)  and  contact  area  should  be 
evaluated. 

It  should  be  explored  whether  moving  the  tire  center  up  and  down  while  rolling  on 
a  flat  surface  will  read1  in  the  seme  tiro  response  as  when  the  tire  is  excited 
by  a  certain  pavement  profile  with  the  tire  center  held  at  constant  height, 

The  influence  of  average  load  and  value  of  deflection  amplitude  should  also  be 
investigated  in  the  range  up  to  1?5^  rated  deflection.  In  addition,  the 
validity  of  ‘ho  superposition  principles  or  lack  thereof  should  be  checked. 

2,  Tractive  loree  Response 

As  the  next  step,  t .he  fore  and  aft  denectior.  characteristics- of  an  airplane  tire 
-should  be  investigate.  Cyclic  brake  torque  would  applied  as  input,  The 
maximum  torque,  however,  should  never  introduce  any  noticeable  sliding  in  the 
contact  area. 

The  ti  re  response  would  be  evaluated  u.,  recording  wheel  speed  changes,  tractive 
forces,  torque  radius  and  footprint  motion. 

Again  the  Influence  of  average  torque  and  torque  amplitude  should  be  studied  and 
the  validity  of  the  superposition  principle  chocked  for  sinusoidal  inputs, 

3,  Tornerlng  Response 


As  this  mode  of  tire  response  is  highly  critical  for  asr.er.ring  the  stability 
criteria  of  landing  gears,  a  completely  new  approach  should  be  taken  toward 
this  type  of  tire  response,  gevcral  variables  should  be  considered  is  inputs: 
yaw  angle,  steering  moment ,  lateral  rollon,  and  slue  force.  Again,.  Input 
variations  should  be  Vert  wit'nin  liiriv.  that  do  not  introuaco  any  -ireasu ruble 
sliding  in  the  contact  area.  /II  forces,  moments  anu  notions  shoulu  to  recorded 
as  outputs  as  well  as  the  'Oat print  displacements.  ror  sinusoidal  inputs  the 
whole  frequency  ran*  ^  sh>uld  be  covered  a?  certain  forwafe  velocities  and  the 
superposition  pri  triple  .hocked.  •  Vtu  in:l  .eric  o:  average  values  and  at.pl,  t .teles 
o'  the  various  input  a  on  the  tire  response  should  1  e  evaluated .  in  addition 
the  t reed, rondit ions  .ahouivi  lo  cure ‘til  l  y  controlled. 
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STATIC  TESTS 

Static  tire  data  also  needs  to  be  updated  as  it  is  widely.  used  by  Landing  Gear 
Designers.  It  will  also  serve  as  a  useful  baseline  while  establishing  correlation 
between  dynamic  (flat  surface  as  well  as  road  wheel  data)  and  static  data.  The 
following  variables  should  be  measured. 

3.  Vertical  spring  rate 

2.  lateral  spring  rate 

3.  Fore  and  ail.  spring  rate 
*4.  Torsional  spring  rate 


! .  Decay  length 

L .  '.'ordering  power  (for  low  speed  rolling) 


rppalDix  iV 


It  is  hot  the  intention  of  this  .paper  to,  derive  the  differential  equations  necessary 
to  describe  the  whole  lending  gehr  system  for  study  of  its  instability  criteria. 

This  can  be  fp.uhd  eirtensiveiy-  in  the  perbi-xient  literature  (t,  11),. 

For  the  sake  of  ^completeness,  however*  a  full  set  <jf  equations,  in  Matrix  fora 
is.  given  in  Tabie  XI?.  These  equations  describe  a  dual  wheel  landing  gear  with, 
structural  damping  and  consider  co -rotating  wheels,  They  represent  the  system  in- 
•a  fully  linearised  Torre..  These  equations  are  practically  identical  to  Smiley's 
equations  ( 11  /  except  for  the  hysteresis  terms  for  the  tire  marked  by  flag  roark3 
[5>  (12). 

The  original  7  degrees  of  freedom  system  (3  degrees  of  translating  motion.,  3  degrees- 
of  rotational  motion,  1  degree  of  tire  lateral  deformation)  has  been  reduced  to  u 
five  degree  of  freedom  system  assuming  constant  forwaid  velocity  and  vert* cal  load 
and  neglecting  any  degree  of  freedom  in  fore  and  a*'t  (x)  and  vertical  direction  ( Z). 
Any  coupling  between  the  various  modes  of  tire  deformation  has  also  been  neglected-. 
The  first  three  equations  represent  the  moment  balances  of  the  system.  liquations 
a  ana  5  account  for  the  kinematic-  relationships.  Matrix  A  is  essentially  the 
inertia  matrix  of  the  system..  Matrix  3  and  0  contain  the  gyroscopic  terms  of  the 
two  wheels  as  well  as  the-  damping  tonus  of  the  tires  and  structure.  Matrix  E 
represents  the  elasticity  of  the  system.  This  set  of  equations  represents  a  series, 
of  five  second  order  differential  equations  with  constant  coefficients,  if  the 
assumption  of  constant  velocity  is  applied. 

Any  stability  criterion  applied  to  this  *t  of  equations  will  yield  a  stability 
boundary  as  a  .'‘unction  of  the  various  parameters  used,  It  will  allow  a  study  of 
the  influence  and  significance  of  various  parameters  upon  landing  gear  stability. 

It  nns  to  be  stressed  again,  however,  that  those  criteria  apply  rigorously  only 
to  the  system  described  by  the  equations  and  not  necessarily  to  the  actual  .landing 
gear. 
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DKr IrrmON  OF  r-ARAMKTSRS  Uu'ED  -Hi  CABLES.  1  and  II 


i 

(X  -  lateral  distance  between  the  tvo  tire  center  planes 
C,  r.  lateral  damping  coefficient  of  tire 
Cf  =»  torsional  damping  coefficient  of  tire 
fjr  time  constant  Of  lateral  tire  action 
Cy  *-  drift  coefficient  of  tire 

change  l,-:  lateral  distance  of  center  of  pressure  in  contact  area  per 
rad a  an  n  wheel  yaw  angle 

Cy  w  change  in  lateral  distance  of  center  of  pressure  in  contact  area  per 
unit  lateral  deflection 

-  change  in  lateral  distance  of  center  of  pressure  in  contact  are  per 
radius  of  wheel  tilt 

f  r  Force 

*s  lateral  ground  force  of  tire 
^  k  damping  factor  of  shimmy  damper 
41*  -  cornering  power  c- 1  tire 
K  a  half  length  of  contact  area  of  tire 

moments  of  Inertias  of  the  swiveling  part  of  the  landing  gea 
I„f  -  moment  of  .inertia  of  one  tire,  wheel,  and  broke  assembly  about  its  axle 
J  -  decay  length  of  tire 

j  "  stiffness  of  landing  gear  structure 

k'ft  -  fore  and  aft  spring  constant  of  stationary  lire 
vertical  spring  constant  of  stationary  tire 
k 4  -  iorsioinl  spring  constant,  of  stationary  tiro 
ky  lateral  tire  ’’oree  per  unit  *il*.  auric 
Ky  lateral  sprint  wa-t'a*.  or  s’;  at:  on  a.-  •  tiro 
L>  relaxation  l ’a.,  ’ u  r .  tiro 


>f  onent 
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^~  suivcll:^  ',CMnt  acting  in.  contact  area  '*  -  V , 

W'~  cornering  power  V  '.  • 

*[  *  unfifi&ecfc%d 

fr>-  :g, «  torque*  .radaius,:pf  tir;y  - 

\Y  *  forward-  velocity  or  irirpl'ino 

|  -  horizontal  foownolo^tot-o,,^.  „„  ,u. 6r  w&ng 

°4.  *  static  iaw  angle  of  tiro 
o(p  drift  m:g3e  of  tiifo  - 

t  **  roil  a  rifle  of  gear 
^  r  t,Lle  factor  of  tfrr 
^  ~  piVra  ar.  le  of  (tahla  rr' 

$  -  l-itota.}  f'.o'  inn  of  !  ■;  ;•• •  enter  (tnfcly  I ) 

0  ~  swi'.vol'inj*  o  of  ~oar 

*if :i <-• -t :  or  -.ire  »  ;,«  ,m 
4  '  "»re  R,d  »1  »•*,  «mt.w‘ ,rct, 

7  -  <JOiist«  1  O!  ii-mc-w.  ,0  r.cfe;>;.  0i  lire 
^  rs:!<;ular  Ho-  1  ♦  n*  ‘  ire 
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